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Optical approaches to quantum computation require the creation of multi-mode photonic quantum
states in a controlled fashion. Here we experimentally demonstrate phase locking of two all-optical
quantum memories, based on a concatenated cavity system with phase reference beams, for the
time-controlled release of two-mode entangled single-photon states. The release time for each mode
can be independently determined. The generated states are characterized by two-mode optical
homodyne tomography. Entanglement and nonclassicality are preserved for release-time differences
up to 400 ns, confirmed by logarithmic negativities and Wigner-function negativities, respectively.
Optical quantum information processing based on
continuous variables, where quantum information is
encoded in traveling electromagnetic field modes, is
one of the most promising approaches to efficient,
practical quantum computation [1]. In particular,
the generation of scalable continuous-variable cluster
states (CVCSs)—highly entangled multi-mode Gaussian
states—was demonstrated recently in a time-domain
multiplexing scheme [2–5]. Moreover, an experiment
was recently reported, in which 100 Gaussian gate op-
erations were executed via such a temporal resource
state at a high clock rate [6]. The remaining chal-
lenge towards universal fault-tolerant quantum computa-
tion including quantum error correction is to incorporate
non-Gaussian states into the time-multiplexed CVCS.
A promising implementation for fault-tolerant univer-
sal quantum computation has been proposed [7], where
non-Gaussian quantum states, such as cubic-phase states
[8] and Gottesman-Kitaev-Preskill states [9], are injected
into the time-multiplexed CVCS. However, the bottle-
neck here is that currently such non-Gaussian states can
be only probabilistically generated in a heralding fash-
ion. As a possible remedy, optical quantum-state sources
with phase-locked quantum memories can be employed
to temporarily store and eventually release the optical
wave packets (WPs) at appropriate times (t1, t2, . . . ), as
illustrated in Fig. 1.
Although storage of quantum states of light has been
demonstrated in various ways [10–12], only in recent
years nonclassical optical states were kept in a quan-
tum memory to an extent that allowed to preserve the
negative values of the states’ Wigner functions [13–16].
Here the negativity of the Wigner function determined by
homodyne tomography indicates strong nonclassicality,
which, however, is easily degraded by loss or phase fluc-
tuations. Most notably, a novel all-optical concatenated
cavity system (CCS) composed of a memory and a shut-
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FIG. 1. Possible concept for fault-tolerant universal quan-
tum computation based on a time-multiplexed CVCS, as pro-
posed in Ref. [7]. Wave packets (WPs) of quantum states
of light, which are generated by phase-locked non-classical,
non-Gaussian state sources, are injected into the CVCS in a
controlled fashion at certain times t = t1, t2, . . . .
ter cavity may serve as an elementary tool especially for
CVCS-based universal quantum computation, because of
the system’s low-loss configuration for various wavelength
regimes. A single CCS was shown to store a nonclassical
single-photon state preserving its Wigner-function nega-
tivity [15]. Subsequently, two CCSs were utilized in order
to synchronize the release of two single photons and to
create an entangled Hong-Ou-Mandel state verified by
full homodyne tomography [17]. More recently, the CCS
was extended to store and release a non-Gaussian, phase-
sensitive, single-mode superposition state by introduc-
ing phase probe beams into the CCS [16]. The ultimate
next step towards applications such as CVCS quantum
computing is now to synchronize multiple phase-sensitive
memories by introducing a phase-locking mechanism be-
tween them and to release the stored WPs independently
in a time-controlled fashion.
Here, we demonstrate phase locking between two tim-
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FIG. 2. Conceptual diagram of release timing control by two quantum memories. (a) Generation of entanglement between
signal (red) and idler (orange) modes in each memory cavity (Eq. (1)). Only the idler modes are released. (b) Idler detection
and projection (Eq. (2)). Arbitrary entangled states can be generated by tuning the beam splitting ratio (tBS, rBS) and the
phase between two phase references from each memory (θ). (c) Quasi-on-demand release of the entangled state by opening the
shutters for the signal modes independently (t1, t2).
ing controllable phase-sensitive memories. This enables
us to release, in a controlled fashion, single-photon
two-mode entangled states created inside the memories
by a heralding mechanism. More specifically, we cre-
ate quasi on demand optical quantum states such as
α |0〉1 |1〉2 + βeiθ |1〉1 |0〉2, where α, β, θ ∈ R, |n〉 rep-
resents an n-photon state (here n = 0, 1), and the
subscripts 1,2 denote mode numbers. The system can
tailor the parameters (α, β, θ), in principle, arbitrar-
ily and it can independently control the release times
(t1, t2) for the two optical modes. Here in the main
text, we focus on the simplest, symmetric θ = 0 case,
(α, β, θ) = (1/
√
2, 1/
√
2, 0), for which we confirmed
that the two modes maintain their quantum coherence
and nonclassicality during storage times of up to 400
ns. Some additional experimental results with a dif-
ferent choice of parameters for the released two-mode
quantum states such as (1/
√
3,
√
2/3, pi), (1/
√
2, 1/
√
2, pi)
and (1/
√
2, 1/
√
2, 5pi/6), including different emission tim-
ings, are presented in the Supplemental Material [18].
The phase-controlled synchronization among multi-mode
quantum systems as demonstrated here can be directly
utilized for fault-tolerant large-scale quantum computa-
tion with CVCSs as proposed in Ref. [7]. In our ex-
periment, the two-mode states have fixed photon num-
ber one, similar to a one-photon two-mode qubit state
(so-called dual-rail qubit). In other words, our experi-
ment is probably the first demonstration for a quasi-on-
demand generation of an arbitrary dual-rail qubit (exper-
imentally drawn from a finite representative set of qubit
states). However, we stress that this particular manifes-
tation of our work highlights only a narrow aspect of our
system, which can be more generally applied to higher
photon and mode numbers as required in CVCS quan-
tum computation. As for higher photon numbers, it is
already theoretically known that we can directly generate
arbitrary two-mode states with a fixed photon number,∑N
n=0 cn,N−n |n〉1 |N − n〉2 where ck,l ∈ C [19]. This cor-
responds to encoding a single spin of arbitrary size into
two optical field modes [20]. The resulting larger Hilbert
spaces may then also contain bosonic error correction
codes, for example, α(|4〉1 |0〉2+|0〉1 |4〉2)/
√
2+β |2〉1 |2〉2
adapted for protection against photon loss [21]. By
adding more modes, N00N states for quantum-enhanced
metrology [22, 23] or again for quantum error correc-
tion [24] may be producible in a controlled way. To
our knowledge, this is the first demonstration of phase
locking multi-mode optical quantum systems with time-
controlled memories, verified by two-mode optical homo-
dyne tomography.
Let us explain how to generate the two-mode quan-
tum states α |0〉1 |1〉2 + βeiθ |1〉1 |0〉2 by means of two
non-degenerate optical parametric oscillators (NOPOs),
linear optics, and single-photon detection. The (unnor-
malized) initial four-mode state |ψinitial〉 generated from
the two NOPOs can be written as
|ψinitial〉 =
∞∑
n1=0
qn11 |n1〉s1 |n1〉i1 ⊗
∞∑
n2=0
qn22 |n2〉s2 |n2〉i2 ,
(1)
where s, i represent “signal” and “idler” modes, and q1,2
include the pump amplitudes for the NOPOs. The idler
modes from the two NOPOs are combined at a beam
splitter (BS). When a single photon is detected at one
of the outputs of the BS, the signal fields are projected
onto a two-mode entangled state |ψ〉,
i1 〈0|i2 〈1| Uˆi1,i2(tBS, rBS) |ψinitial〉
= tBSq2 |0〉s1 |1〉s2 + rBSq1 |1〉s1 |0〉s2
∝ α |0〉s1 |1〉s2 + βeiθ |1〉s1 |0〉s2 = |ψ〉 , (2)
where Uˆi1,i2(tBS, rBS) is a BS operator acting on modes
i1 and i2. The parameters tBS, rBS ∈ C are transmission
and reflection coefficients of the BS, respectively, satisfy-
ing |tBS|2+|rBS|2 = 1. Finally, the parameters (α, β, θ) in
Eq. (2) are determined by tBS, rBS and q1,2. Note that the
state projection via single-photon detection at one output
port of the BS is expressed by i1 〈0|i2 〈1| Uˆi1,i2(tBS, rBS)
under a weak-pumping condition (|q1,2|  1), while the
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FIG. 3. Experimental apparatus. The light source is a 860 nm continuous-wave (CW) Ti:Sapphire laser. Red and orange
lines stand for the signal and idler beams, respectively. Blue lines represent the pump beams. Black lines stand for electric
signals. LO: local oscillator, CCS: concatenated cavity system, Memory: memory cavity based on NOPO with a cavity length
of 1.4m, SC: shutter cavity with a length of 0.7m, PPKTP: periodically-poled KTiOPO4 crystal (type-0), EOM: electro-optic
modulator, AOFSs: acousto-optic frequency shifters, AOSs: acousto-optic switches, BS: beam splitter for setting superposition
parameters (α, β), APD: silicon avalanche photodiode.
detector employed in the experiment was an avalanche
photodiode (APD). This method can be extended to the
generation of two-mode states with higher photon num-
bers [19]. Note that, in the following, we omit the sub-
scripts for simplicity.
Figure 2 shows how to combine the above heralding
method with the CCSs and how to control the release
times of the two-mode-state WPs. Non-degenerate para-
metric down-conversion occurs inside each memory cav-
ity (Memory-1, 2). The shutters in the CCSs are concate-
nated shutter cavities (SCs) transmitting either the sig-
nal or the idler for suitably tuned resonance frequencies.
At the beginning, the SCs are only open for the idlers,
thus the signals are stored in each memory (Fig. 2 (a)).
The emitted idlers are combined at the BS with phase θ.
When an idler photon is detected, the resulting state |ψ〉
emerges in the memory cavities (Fig. 2 (b)). Each shutter
is opened after appropriate waiting times (t1, t2) by shift-
ing each SC’s resonance frequency correspondingly; then
the signal WPs are released independently (Fig. 2 (c)).
Because the two memories are phase locked via the idler
probe beams, the output two-mode state can keep its
phase relation, although the releases of the two WPs will
typically happen at different times.
The experimental apparatus is illustrated in Fig. 3 and
further details can be found in the Supplemental Material
[18]. We select the signal and the idler fields to be sepa-
rated in frequency by the free spectral range (FSR) of the
memory cavities. In order to separate the signal and the
idler fields, which are colinearly emitted from the same
output coupler of each SC, frequency separating cavities
are employed. Then, the idler modes are combined at a
beam splitter (BS) for setting the superposition param-
eters (α, β, θ). One of the BS output fields is guided to-
wards an APD through cascaded filtering cavities to elim-
inate unwanted light. The probe beams for the idler and
the signal are injected into the memory cavities, while the
optical frequency of the idler probe is up-shifted with the
corresponding acousto-optic frequency shifter (AOFS-2)
by 214 MHz, which corresponds to the FSR of the mem-
ory cavity. To probe the phase of the signal and the idler
fields in the CCSs, the phase relation among the pump,
the signal probe and the idler probe beams are locked via
phase-sensitive parametric amplification. These probe
beams are used for phase-locking the idler beams at the
BS, and for the signal-homodyne measurements. The
probe beams are essential for the phase-sensitive memo-
ries, but they should be absent during storage and release
of the signal quantum states, because strong probe beams
would disturb the heralding and homodyne signals. Opti-
cal switches based on acousto-optic modulators (AOS-1,
2) with periods of 200 µs are used as a beam chopper.
As long as the probe beams are on, the system locks the
cavities and the phase relations. Storage and release of
the quantum states as well as homodyne measurements
are done when the probe beams are off.
In the main text, we refer to a BS with a reflectivity
of 50% and a phase θ = 0. In the Supplemental Ma-
terial [18], we show results with other BSs and we lock
to various phases corresponding to different two-mode
quantum states. In order for each memory’s counts to
be the same, the pump powers into the memory cavities
are suitably adjusted (approximately 2 mW each). The
average count rate of each CCS was set to 200 counts
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FIG. 4. Experimental results. (a) Experimentally determined envelopes of the released WP amplitudes from CCS-1 (red traces)
and CCS-2 (blue traces). The idler-photon detection event corresponds to 0ns. (b) Absolute values of density matrix elements
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with the values at the origin. The emission times (t1, t2) are (0ns, 0ns), (0ns, 400ns), (200ns, 200ns), and (400ns, 400ns) from
the left to the right columns.
per second (cps) and the fake count rate by stray light
is at a 10 cps level. After receiving the heralding signal
and predetermined waiting times (t1, t2), a timing con-
troller based on a field-programmable gate array sends
trigger signals to open the SCs. Each shutter is opened
by applying a high voltage (900 V) to an electro-optic
modulator (EOM). The released signal fields are mea-
sured by two optical homodyne detectors. Note that the
resonance frequency of the memory cavities is detuned
(300 kHz) from the frequency of the local oscillator (LO)
beams to suppress the occurrence of unwanted photons
stored by the memory, which is caused by the scatter-
ing of the strong LO beams. This detuning leads to a
rotation of the released quantum states for t1 6= t2 [18].
We performed balanced optical homodyne measure-
ments for the signal fields around the heralding signals
at various LOs’ phases ϕ1, ϕ2, where 3000 pairs of wave-
forms for each of 49 homodyne bases (ϕ1, ϕ2) were ac-
quired by an oscilloscope. The LOs’ phases were stabi-
lized via the heterodyne beat notes between the signal
probe and the LO beams.
In a preliminary experiment, the envelopes of the sig-
nal WPs for the single-photon states were determined by
homodyne measurements [15, 25, 26]. The envelopes of
the released WP amplitudes for different emission times
are shown in Fig. 4 (a). The emission times are correctly
shifted and the shape of the envelopes is independent of
the storage times. The idler-photon detection event cor-
responds to 0 ns (Fig. 2 (b)). The occurring gap of about
40 ns between t = 0 and the rising edges of the envelopes
when t1 = t2 = 0 is due to a latency of the electronics.
Any non-zero positive values before the photon emissions
correspond to leakage of the memories, but the contribu-
tion of this leakage can be ignored [15].
As a final result, we stored and released two-mode
entangled states to infer their density matrices. The
density matrices for the WPs in Fig. 4 (a) are shown
in Fig. 4 (b). The off-diagonal terms, |0, 1〉 〈1, 0| and
|1, 0〉 〈0, 1|, indicate the presence of entanglement. The
diagonal and the off-diagonal terms decrease at the same
rate. This means that the system preserves the phase
information even though small intracavity losses degrade
the quantum states during their storage. Figures 4 (a)
and (b) give evidence that the CCSs are indeed suffi-
ciently phase locked and that the memories release en-
tangled states in the various target WPs preserving their
phase relations. The storage times are 1.42 µs (CCS-
1) and 1.29 µs (CCS-2). The logarithmic negativities
E(ρˆAB) = log2 ||ρˆTBAB || are calculated and presented in
Fig. 4 (b) to confirm the entanglement [27–29], where
|| · || and ·TB represent the trace norm and partial trans-
pose, respectively. Here, the calculation of the loga-
rithmic negativity is done in the re-normalized subspace
spanned by {|0, 0〉 , |0, 1〉 , |1, 0〉 , |1, 1〉} [18]. A non-zero
value of the logarithmic negativity indicates that the
state is entangled, which is still observable in our ex-
periment even when t1 = t2 = 400 ns. Two-mode
Wigner functions W (x1, p1, x2, p2) are calculated from
the density matrices to confirm that our system is able
to preserve strong nonclassicality. The cross sections
5W (X,P,X, P ) and the values at the phase-space ori-
gin (W0) are shown in Fig. 4 (c). The negative val-
ues around the origin indicate that our CCSs can store
and release fragile, nonclassical states for emission times
(0 ns, 0 ns), (0 ns, 400 ns), (200 ns, 200 ns). Even though
the negativities of the Wigner function can be easily de-
graded, our system successfully preserves them thanks to
its low-loss configuration.
In conclusion, we experimentally demonstrated the co-
herent synchronization and hence the quasi-on-demand
release of two-mode quantum states of light by means
of two time-controlled, all-optical, phase-locked memo-
ries. Via full control over the phase relation of the two
memories, the release times of the signal modes can be
independently adjusted to keep the entanglement and the
nonclassicality of the optical quantum states. We exper-
imentally prepared a representative set of single-photon
dual-rail qubit states quasi on demand. Our scheme is
also directly applicable to the controlled creation of opti-
cal states with more modes and more photons includ-
ing logical qubits of bosonic quantum error corection
codes with a fixed photon number sufficiently exceed-
ing one. Since the exploitation of optical quantum states
with non-zero photon-number variance depends in partic-
ular on the reliable manipulation of their relative phases,
our scheme also provides a fundamental solution for this
broader class of applications. Therefore, ultimately, it is
applicable to optical measurement-based, fault-tolerant
universal quantum information processing.
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1Supplementary material: Phase Locking between Two All-Optical Quantum Memories
METHODS
Our experimental apparatus is shown in Fig. 3 of the main text. The light source is a continuous-wave Ti:Sapphire
laser operating at the wavelength of 860 nm (MBR-110, Coherent). The second harmonics with the power of about 2.0
mW and 1.7 mW are used as pump beams to create photon pairs inside memory cavities 1 and 2. The memory cavity,
containing a periodically-poled KTiOPO4 (PPKTP) crystal (Raicol) as a nonlinear optical medium, has a round-trip
length of about 1.4 m, while the shutter cavity, containing an RbTiOPO4(RTP) EOM (Leysop), has that of about 0.7
m. The PPKTP crystal is type-0 quasi-phase-matched and has a length of 10 mm. The reflectivity of the coupling
mirror between the memory and the shutter cavities is about 98%, and that of the outcoupling mirror of the shutter
is about 72%. The EOM in the shutter is driven by a high-voltage switch (Bergmann Messgera¨te Entwicklung). The
latency of the high-voltage switch is less than 50 ns, and the applied voltage is estimated as about 900 V.
Three filter cavities are applied to the idler field. The first one is bow-tie shaped and has a round-trip length of
about 250 mm (referred to as separating cavity in the main text). The signal field is reflected by this separating cavity
and directed to a homodyne detector for the state characterization, while the idler field is transmitted through the
cavity. Two additional cavities are Fabry-Perot cavities for the idler fields. A single tooth of the frequency comb of
the memory cavity is selected by these cavities and directed to a photon detector. The idler beams to determine the
entangled states are combined with each other at a beam splitter between the first and the second filter cavities. The
photon detector contains a silicon avalanche photodiode (APD, SPCM-AQRH-16-FC, Excelitas Technologies) and is
coupled with an optical fiber. The heralding event rate depends on the experimental condition, and a typical rate for
balanced conditions (|0, 1〉+ |1, 0〉)/√2 is about 400 counts per second (without compensation of the duty cycle).
Several AOSs and AOFSs are used in the experiment, as depicted in Fig. 3. AOS-1 and AOS-2 are for chopping the
probe beams. Driving signals for these AOSs are on when the optical systems are feedback controlled, and diffracted
beams are used as probe beams, while they are off when the entangled states are created. AOFS-1 and AOFS-2 are
for shifting the laser frequency by the free spectral range of the memory cavity. AOS-5 is inserted for protecting the
APD from the idler probe beam, by coupling a diffracted beam to the APD and switching the driving signal. The
detuning of the signal mode from the LO frequency, explained in the main text, is controlled via the difference of the
driving frequencies between AOS-1 and AOS-2. The signal probe beam is detuned by 200 kHz, and by locking the
memory cavity to almost the bottom of the fringe in the transmitted signal probe beam, the total detuning of the
signal mode by about 300 kHz from the LO is stably realized. Frequencies and phases of the driving signals for the
AOSs and AOFSs are precisely controlled by direct digital synthesizers (AD9959, Analog Devices Inc.).
Even though several detunings are employed in the experiment, the optical frequencies of each signal mode are
almost the same. Experimentally, this means that the frequencies of the lock beams for the OPOs are almost the
same. Thanks to this, the phase rotation of the state shown in the previous experiment [16] is distinguished when
each mode is emitted simultaneously, while the rotation remains when there are differences for the emission timing of
each mode.
Figure 3 is somewhat simplified from the actual apparatus for simplicity. From Fig. 3, some beams for controlling
the optical systems are omitted, which we call “lock beams” in the following. The lock beams are periodically chopped
in the same way as the probe beams. For example, for each cavity, a lock beam is employed for the purpose of obtaining
an error signal for locking the cavity length. As for the memory cavity, first a lock beam is used for roughly locking
the cavity length, and after the rough locking, next the transmitted signal probe beam is used for precisely locking
the detuning frequency. The lock beam is injected into the memory cavity with vertical polarization, while the pump,
signal and idler fields are in horizontal polarization.
STORAGE OF SINGLE-PHOTON STATE
As a preliminary experiment, we tested storage and release of single-photon states. In this case, the beam from
one memory is blocked, while the other experimental elements are the same as for the experiment with entangled
states. In addition, we replace the 50:50 beamsplitter for combining the idler beams to a HR or anti-reflection coated
mirror. This part is almost the same as in our former experiments [15-17], the difference, however, is that now the
probe beams are depending on which a phase-sensitive full quantum tomography is conducted and the idler beams are
combined before the APD, whereas in the former experiments the assumed quantum states are either phase insensitive
or only mode.
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FIG. S1. Storage and release of single-photon states. Red: WP envelope functions Ψ(t) of the released states of CCS-1. Blue:
WP envelope functions Ψ(t) of the released states of CCS-2. The time origin corresponds to timings of heralding signals.
This preliminary experiment is performed in order to obtain wave packet (WP) envelope functions Ψ(t) of the
released quantum states for various storage times by the principal component analysis [15,25,26]. Quadrature values
of the target quantum states are obtained from continuous homodyne signals, denoted by xˆ(t), via weighted integration
xˆ =
∫
dtΨ(t)xˆ(t). The functions Ψ(t) obtained in this preliminary experiment are also used for the characterization
of entangled states.
The results of the preliminary experiment are shown in Fig. S1. Figure S1 shows estimated WP envelope functions
Ψ(t) for storage time differences between the two modes of 0 ns, 100 ns, 200 ns, 300 ns, and 400 ns. The horizontal axis
is the relative time where the timing of the heralding signal corresponds to 0 ns. The shape of the WP is independent
of the storage time, except for small leakage before release, and appropriately shifted in accordance with the storage
time. Figure S2 shows single-photon fractions for various storage times for each CCS.
SIMULTANEOUS QUADRATURE DISTRIBUTIONS
Here, we present experimental results of simultaneous quadrature distributions for various phases and density
matrices. Figure S3 shows the experimentally obtained simultaneous quadrature distributions of two-mode homodyne
measurements of (|0, 1〉 + |1, 0〉)/√2, where the storage time is set to 0 ns for each mode, so that the emission
for each mode is done simultaneously. We perform the balanced optical homodyne measurements at various local
oscillators’ (LOs’) phases ϕ1, ϕ2 by homodyne detectors 1, 2, respectively. The phases of LOs ϕ1, ϕ2 appear in the
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FIG. S2. Probabilities of single-photon states as a function of the storage time. Red: single-photon fraction of CCS1. Blue:
single-photon fraction of CCS-2. Circles show experimental values, whereas traces are fitted curves assuming exponential decay.
measurements like 〈x1, x2| ei(ϕ1aˆ†1aˆ1+ϕ2aˆ†2aˆ2). Then the probability distribution at the LOs’ phases ϕ1, ϕ2 for the state
|ψ〉 = α |0, 1〉+ βeiθ |1, 0〉 becomes
| 〈x1, x2|ei(ϕ1aˆ
†
1aˆ1+ϕ2aˆ
†
2aˆ2)|ψ〉 |2
= |eiϕ2 〈x1, x2| (α |0, 1〉+ βei(ϕ1−ϕ2+θ) |1, 0〉)|2. (S1)
Therefore the relative phase of LOs ∆ϕ = ϕ1 − ϕ2 affects the experimentally obtained probability distributions like
the phase rotation of the state. When the phase becomes 0◦, the distribution exhibits two-peak shapes, and for a
phase of 90◦, the distribution becomes circle shaped. Finally the distribution becomes two-peak shaped.
PHASE ROTATION
As mentioned in the main text, the signal mode and the local oscillator are detuned by ∆ω ∼ 2pi × 300 kHz by
slightly tuning the driving frequencies for AOS-1 and AOS-2. This is utilized in order to avoid the back-scattered light
of the local oscillator beams at the homodyne detectors stored in the memory cavities. This detuning ∆ω causes the
phase rotation of the quantum state. The phase rotation can be prevented by simultaneous emission of two modes,
since the generated state is a photon-number fixed state (in our case, the total photon number is fixed to one). The
rotation is described by ei∆ωtaˆ
†aˆ, and then the state |ψ〉 is rotated as
ei∆ωt1aˆ
†
1aˆ1ei∆ωt2aˆ
†
2aˆ2 |ψ〉
= ei∆ωt2(α |0, 1〉+ βeiθe−i∆ω∆τ |1, 0〉). (S2)
Since times other than the delay times are only involved in the global phase, only the time delay can affect the phase
rotation caused by the detuning as it appeared in the previous work of [16].
STORING AND RELEASING VARIOUS TWO-MODE ENTANGLED STATES
In the main text, we only highlight the result for storing and releasing the two-mode entangled state (α, β, θ) =
(1/
√
2, 1/
√
2, 0). Here, in the following the results for various states (α, β, θ) = (1/
√
2, 1/
√
2, 0), (1/
√
3,
√
2/3, pi),
(1/
√
2, 1/
√
2, pi), and (1/
√
2, 1/
√
2, 5pi/6) are shown as for different emission timings.
Entangled state: (α, β, θ) = (1/
√
2, 1/
√
2, 0)
Figure S4 shows the full results corresponding to Fig. 4 in the main text, storing (|0, 1〉+ |1, 0〉)/√2 with different
emission timing for each mode, including the real and imaginary parts of the density matrices. The imaginary parts
4FIG. S3. Experimental simultaneous quadrature distributions of (|0, 1〉 + |1, 0〉)/√2 of 0 ns storage time for each relative
homodyne phase. First row: from left to right, the relative phase varies from 0◦ to 90◦. Second row: from left to right, the
relative phase varies from 120◦ to 210◦. Third row: from left to right, the relative phase varies from 240◦ to 330◦.
of the off-diagonal elements |0, 1〉 〈1, 0| and |1, 0〉 〈0, 1| are increasing or decreasing in proportion to the storage time,
similar to Ref. [16]. This is because the emission timing of each mode is different, even though the total photon
number of the states are equal. Figure S5 shows the phase rotation of the quantum states caused by the detuning.
The phase corresponds to the angle of an off-diagonal component of the obtained density matrix ρ|1,0〉〈0,1|. The slope
means the rotation frequency, and the frequencies are 390 kHz and −358 kHz. These are roughly consistent with the
detuning.
In this experiment, we measured the simultaneous emission of each mode of (|0, 1〉+ |1, 0〉)/√2. Since the emitted
state is a state of fixed total photon number, the phase rotation does not occur under simultaneous emission. Figure S6
shows the full results of this experiment. Unlike the experimental situation as explained in the main text, the imaginary
part of the density matrix does not change in proportion to the storage time. In the following, we show the results
with other parameters for simultaneous emission timings, and where the phase rotation does not occur.
Entangled state: (α, β, θ) = (1/
√
3,
√
2/3, pi)
In Fig. S7, the density matrices of (|0, 1〉+ eipi√2 |1, 0〉)/√3 are generated and stored with simultaneous emission.
To change the coefficients, only transmittance and reflectance of the beamsplitter combining the idler fields have
to be changed in principle. In this experiment, we replace the 50:50 BS by a 33:67 BS. Diagonal terms which are
components of |0, 1〉 〈0, 1| and |1, 0〉 〈1, 0| are different from each other. In Fig. S8, the squared coefficient ratio
|α/β|2 is kept regardless of the storage. Since the experimentally obtained squared ratio is ∼0.4, the actual state is
∼ |0, 1〉 − 1.22 |1, 0〉.
5(a) Δτ = 0 ns (b) Δτ = 100 ns (c) Δτ = 200 ns (d) Δτ = 300 ns (e) Δτ = 400 ns
(f) Δτ = -100 ns (g) Δτ = -200 ns (h) Δτ = -300 ns (i) Δτ = -400 ns
FIG. S4. Experimental results of storing (|0, 1〉 + |1, 0〉)/√2 with different emission timing for each mode. (a-i)Upper row:
absolute value of density matrices. Middle row: real part of density matrices. Lower row: imaginary part of density matrices.
Entangled states: (α, β, θ) = (1/
√
2,
√
2, pi) and (1/
√
2,
√
2, 5pi/6)
Moreover, we generated other types of states: (|0, 1〉 + eipi |1, 0〉)/√2 and |0, 1〉 + ei5pi/6 |1, 0〉. For this purpose, to
change the phase, the lock phase between idler probes at BS combining the idler fields has to be changed. The phase
was changed by shifting the offset of the error signal of the interferometer. The comparison is shown in Fig. S9. We
can see the difference between (|0, 1〉+ eipi |1, 0〉)/√2 and (|0, 1〉+ ei5pi/6 |1, 0〉)/√2, especially in the imaginary part of
the off-diagonal term |0, 1〉 〈1, 0|, where the storage time is set to zero.
In Fig. S10 the density matrices of (|0, 1〉 + ei5pi/6 |1, 0〉)/√2 are shown for different emission timings. The phases
are kept during storage since the imaginary parts are not changed.
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FIG. S5. Phases of experimentally obtained density matrices of (|0, 1〉 + |1, 0〉)/√2. Red: Delayed release of mode-1. Blue:
Delayed release of mode-2.
(a) Δτ = 0 ns (b) Δτ = 100 ns (c) Δτ = 200 ns (d) Δτ = 300 ns (e) Δτ = 400 ns
E(ρAB) = 0.386 ± 0.007 E(ρAB) = 0.333 ± 0.006 E(ρAB) = 0.265 ± 0.007 E(ρAB) = 0.209 ± 0.006 E(ρAB) = 0.150 ± 0.006
FIG. S6. Experimental results of storing (|0, 1〉 + |1, 0〉)/√2. First row: absolute values of obtained density matrices. Second
row: real part of obtained density matrices. Third row: imaginary part of obtained density matrices.
LOGARITHMIC NEGATIVITY
Here we discuss the entanglement of the released states. Because the states are suporpositions of |1, 0〉 and |0, 1〉, they
should become two-mode entangled states. Therefore, the logarithmic negativity, which at the least can distinguish
whether entanglement is present or not, can be useful to verify the released states. We calculate the logarithmic
negativity of the released states only in the subspace of {|0, 0〉 , |1, 0〉 , |0, 1〉 , |1, 1〉}. By only considering that subspace
we will never add entanglement on top of what is really present in the state (we may just reduce it). Those local
projections or truncations are non-unitary and typically decrease the entanglement. In other words, if we obtain a
non-zero logarithmic negativity in the subspace this will prove that the the amount of entanglement in the full space
is at least as large as given by the obtained value. As a result, any non-zero value for the logarithmic negativity gives
a lower bound of the entanglement in the full space.
A well-known fact is that any entangled state has non-zero value of logarithmic negativity. On the other hand,
we cannot say that there does not exist entanglement at all if the state has zero logarithmic negativity. Non-zero
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FIG. S7. Experimental results of storing (|0, 1〉 + eipi√2 |1, 0〉)/√3. First row: absolute values of obtained density matrices.
Second row: real part of obtained density matrices. Third row: imaginary part of obtained density matrices.
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FIG. S8. Experimentally obtained coefficient ratio of |0, 1〉 〈0, 1| and |1, 0〉 〈1, 0| of (|0, 1〉 + eipi√2 |1, 0〉)/√3.
logarithmic negativity is apparently a sufficient condition for entanglement, but not a necessary condition. Although
it is generally a difficult task to derive a necessary and sufficient condition for entanglement, fortunately there are
various known sufficient conditions for entanglement. In particular, we employ a criterion based on the eigenvalues
of the partially transposed density matrix. If a density matrix ρˆAB for two harmonic oscillators A and B represents
a statistical mixture of Gaussian states, the following E(ρˆAB) is always nonnegative:
E(ρˆAB) = log ||ρˆTBAB || (S3)
where A,B denotes the two subsystems, and ·TB means the transposition for subsystem B. || · || means trace norm,
which corresponds to the sum of absolute eigenvalues. Partial transposition for subsystem B means time-reversal only
for B. If the state is not entangled, since the time-reversed state of B is still an physical state, the eigenvalues of
the partial transposition of the density matrix is nonnegative. Then the sum of absolute eigenvalues becomes 1, and
the logarithmic negativity E(ρˆAB) becomes 0. Therefore if the logarithmic negativity is nonzero, we can say that the
state is entangled.
Experimentally obtained logarithmic negativities E(ρˆ) for the storage 0 ns, 100 ns, 200 ns, 300 ns, 400 ns of
(|0, 1〉+ |1, 0〉)/√2 are 0.386± 0.007, 0.333± 0.006, 0.265± 0.007, 0.209± 0.006, 0.150± 0.006, respectively. We can see
8(a) θ = 189.1 deg (b) θ = 143.5 deg
FIG. S9. Experimental results of (|0, 1〉+ eipi |1, 0〉)/√2 (left side) and (|0, 1〉+ ei5pi/6 |1, 0〉)/√2 (right side). First row: absolute
values of obtained density matrices. Second row: real part of obtained density matrices. Third row: imaginary part of obtained
density matrices. And the phase of each density matrix (the angle of the term |1, 0〉 〈0, 1|) is written on the top of density
matrices.
(a) Δτ = 0 ns (b) Δτ = 100 ns (c) Δτ = 200 ns (d) Δτ = 300 ns (e) Δτ = 400 ns
θ = 143.5 deg θ = 142.4 deg θ = 143.4 deg θ = 141.5 deg θ = 139.8 deg
FIG. S10. Experimental results of storing (|0, 1〉 + ei5pi/6 |1, 0〉)/√2. First row: absolute values of obtained density matrices.
Second row: real part of obtained density matrices. Third row: imaginary part of obtained density matrices. And the phase of
each density matrix (the angle of the term |1, 0〉 〈1, 0|) is written on the top of density matrices.
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FIG. S11. Standard deviations of phase fluctuations σ estimated from experimental density matrices for entangled state
(|0, 1〉 + |1, 0〉)/√2 and various storage times.
that every logarithmic negativity has positive values within errors, where the errors are calculated by the bootstrap
method.
PHASE-FLUCTUATION ANALYSIS
From the experimental results, we have seen that the phase-preserving feature of our memory system is in the
quantum regime, enough to preserve the off-diagonal elements of a density matrix. Here, we make an estimation of
the amount of phase fluctuations in our system from the reconstructed density matrices.
The reconstructed density matrices deviate from the ideal ones. Here we separate the deviations into opti-
cal losses (or amplitude damping) and phase fluctuations (or dephasing). We consider a density matrix ρˆ =∑
k,`,m,n∈{0,1} ρk,`,m,n |k, `〉 〈m,n| in the number basis up to one photon for each side.
Optical losses of memories can be estimated by the experimental data of single photon storage. Fake counts affect
the density matrix of the experimentally obtained state, and this time fake counts are about 10 cps. We can estimate
the phase fluctuation by comparing the experimentally obtained state and the state as changed by losses from the
ideal state. From the density matrix of the ideal state, the fake counts affect the density matrix as follows:
ρˆ→ (1− Lfake)ρˆ+ Lfake |0, 0〉 〈0, 0| (S4)
where Lfake denotes the loss by fake counts. Then, the density matrix reduced by the optical loss becomes
ρ|0,0〉〈0,0| → ρ|0,0〉〈0,0| + L1ρ|0,1〉〈0,1| + L2ρ|1,0〉〈1,0| (S5)
ρ|0,1〉〈0,1| → (1− L1)ρ|0,1〉〈0,1| (S6)
ρ|1,0〉〈1,0| → (1− L2)ρ|1,0〉〈1,0| (S7)
ρ|0,1〉〈1,0| →
√
(1− L1)(1− L2)ρ|0,1〉〈1,0| (S8)
ρ|1,0〉〈0,1| →
√
(1− L1)(1− L2)ρ|1,0〉〈0,1| (S9)
where L1, L2 denote losses of CCS-1 and CCS-2, respectively. Next, let us consider the phase fluctuation effect.
Assuming a phase fluctuation in a Gaussian distribution (1/
√
2piσ2)e−θ
2/(2σ2) with a standard deviation σ, the phase
fluctuation changes the density matrix as
ρ|0,1〉〈1,0| → e−σ
2
2 ρ|0,1〉〈1,0| (S10)
ρ|1,0〉〈0,1| → e−σ
2
2 ρ|1,0〉〈0,1| (S11)
This is derived from the integral
∫
eiθe−θ
2/(2σ2)dθ =
∫
e−(θ−iσ
2)2/(2σ2)e−σ
2/2dθ =
√
2piσ2e−σ
2/2. Therefore, by com-
paring the off-diagonal terms, we can estimate σ, i.e. the phase fluctuation. Moreover, taking into account multiphoton
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contributions further complicates the situation. However, here we neglect such imperfections and simplify the situ-
ation by just considering the two factors, and taking the subspace of the density matrix up to one photon for each
side.
Our assumption in this analysis is that the initial quantum states are pure entangled states α |0, 1〉 + βeiθ |1, 0〉,
where α and β are estimated by comparing the diagonal terms of the experimentally obtained density matrix with
those of the ideal states with losses through (S6) and (S7). Then, α and β are estimated 0.71 and 0.64, respectively
while 1/
√
2 ' 0.71. We can tune α, β by tuning the pump power for each memory. Then, we calculate the amounts of
losses L1, L2 by the single photon storage experiment. Moreover, we calculate the phase fluctuations σ consistent with
the experimental density matrix ρˆ, where the subspace of up to one photon for each side is taken and renormalized
(the neglected multiphoton components are about 3%). The off-diagonal terms, together with the obtained losses,
gives information on the phase fluctuations σ by the relation
e−
σ2
2 =
|ρexp|0,1〉〈1,0||√
|ρexp|0,1〉〈0,1|||ρexp|1,0〉〈1,0||
. (S12)
The calculated photon-preserving efficiencies 1 − L1, 1 − L2 and phase fluctuations σ are shown in Fig. S2 and
Fig. S11, respectively. As for the phase fluctuations in Fig. S11, the results are from 25◦ to 30◦, but we could not
find a clear tendency like a worsening dephasing during storage. It seems that other accidental factors obscure the
accumulating dephasing during storage. The calculated phase fluctuations may look a bit large, but we note that
amplitude fluctuations may be converted to phase fluctuations in this analysis. If the effective pump power fluctuates,
the single-photon fraction of the heralded state fluctuates, making a statistical mixture which has smaller off-diagonal
elements, resulting in larger σ. We are aware that fluctuations in the heralding event rate during experiments are
much larger than those expected from the Poisson distribution. In that sense, the calculated values are considered as
upper limits of the actual phase fluctuations in our system. Moreover, even for the actual phase fluctuations, we are
not sure about whether the phase-instability is caused by the memory cavity itself or by the laser system supplying
the LO, the pump, and the displacement beam.
